In the next decades millimeter and sub-mm astronomy requires large format imaging arrays and broad-band spectrometers to complement the high spatial and spectral resolution of the Atacama Large Millimeter/submillimeter Array. The desired sensors for these instruments should have a background limited sensitivity and a high optical efficiency and enable arrays thousands of pixels in size. Hybrid microwave kinetic inductance detectors consisting of NbTiN and Al have shown to satisfy these requirements. We present the second generation hybrid NbTiN-Al MKIDs, which are photon noise limited in both phase and amplitude readout for loading levels P 850GHz ≥ 10 fW. Thanks to the increased responsivity, the photon noise level achieved in phase allows us to simultaneously read out approximately 8000 pixels using state-of-the-art electronics. In addition, the choice of superconducting materials and the use of a Si lens in combination with a planar antenna gives these resonators the flexibility to operate within the frequency range 0.09 < ν < 1.1 THz. Given these specifications, hybrid NbTiN-Al MKIDs will enable astronomically usable kilopixel arrays for sub-mm imaging and moderate resolution spectroscopy.
INTRODUCTION
In the next decades ALMA 1 will make a major contribution in the study of the millimeter and sub-mm universe thanks to its high sensitivity, spectral resolution and spatial resolution. However, ALMA has a maximum instantaneous bandwidth of 8 GHz and a small ∼ 18 ′′ field of view. This limits its performance as a survey instrument. To complement ALMA large format imaging arrays are thus required.
2 These instruments require tens of thousands of pixels to fill the complete field of view of existing and future single dish sub-mm telescope, such as APEX, 3 IRAM 4 and CCAT. 5 For minimum observation time each pixel should have background limited performance. In addition, it's greatly beneficial if the same technology can be employed within all the atmospheric windows in the sub-mm regime (100 GHz < ν < 1 THz). The most promising candidate to fulfil these requirements are microwave kinetic inductance detectors (MKIDs) 9, 10 The MKID array is mounted in a sample box, which is surrounded by a light tight box. This entire box-in-a-box construction is thermally anchored to the pulse tube pre-cooled Adiabatic Demagnetization Refrigerator (ADR) and cooled to 100 mK. The box-in-a-box design in combination with the coax filters reduce the stray radiation from the 4K stage to < 60 aW. A cryogenic blackbody source is placed on the 4 K stage created by the pulse tube and used to illuminate MKIDs. The power received by the MKIDs is restricted by a 20 mm aperture located 15 mm above the sample and 3 sets of metal mesh filters, which create a passband overlapping with the 850 GHz atmospheric window. Through the temperature control of the blackbody a variable illumination is achieved of 0.1 fW < P850GHz < 2 pW. Middle: Design of the second generation antenna-coupled hybrid NbTiN-Al MKIDs. A wide NbTiN (white) CPW resonator is used to minimize the two-level system noise contribution. At the shorted end, where the planar antenna is located, one millimeter of CPW is reduced in width and the central line is made from 40 nm Al (blue). A 4 by 4 array of hybrid MKIDs was made on a C-plane sapphire substrate (red).Right: A zoom of the 850 GHz twin-slot antenna. Lenses on the other side of the sapphire substrate (red) focus the light on this antenna. This zoom also clearly shows the narrow Al central line (blue) connecting to the NbTiN (white).
is sensitive to changes in the Cooper pair density induced by absorption of sub-mm radiation. By monitoring the change in either phase or amplitude of the complex feedline transmission at the MKID resonance one can measure the absorbed photon power. Using antenna coupled MKIDs made from NbTiN and Al photon noise limited performance has been achieved down to 100 fW of loading by 350 GHz radiation in both readout modes. 7 The design of the hybrid NbTiN-Al MKIDs aims to simultaneously maximize the phase response and minimize the two-level system (TLS) noise contribution. 8 In these proceedings we present the second generation antenna-coupled hybrid NbTiN-Al MKIDs designed for ground-based sub-mm astronomy. We show that these devices achieve photon noise limited performance in both amplitude and phase readout when exposed to as little as 10 fW of 850 GHz radiation.
HYBRID NBTIN-AL MKID DESIGN
The design of the second generation antenna coupled hybrid MKIDs is shown in the middle panel of Fig. 1 . The device is a L ≈ 4.5 mm long quarter wavelength CPW resonator consisting of two sections. The first section (∼ 4 mm), at the open end of the resonator, is a wide CPW made entirely from ∼ 500 nm thick NbTiN. NbTiN has 10 dB lower TLS noise than conventional superconductors such as Al. 11 The TLS noise is further reduced by the increased width of the CPW, 11 30 µm and 10 µm for the CPW gap and central line, respectively. The second section (∼ 0.5 mm), at the shorted end of the resonator, is a narrow CPW with NbTiN groundplanes and a 40 nm thick Al central line. The Al is galvanically connected to the NbTiN central line and the NbTiN groundplane at the resonator short ( Fig. 1 right panel) . The NbTiN is lossless for frequencies up to the gap 2∆ 0 /h = 1.1 THz (T c ≈ 14 K). Any radiation with a frequency 0.09 < ν < 1.1 THz is therefore absorbed in the Al (T c = 1.28 K) central line of the second section. The optically excited quasiparticles are trapped in the Al, because it is surrounded by a high gap superconductor. This quantum well structure confines the quasiparticles in the most responsive part of the MKID and allows us to maximize the response by minimizing the active volume. Therefore, we use a narrow CPW in section two, 2 µm for both the CPW gap and central line. Using a narrow Al line at the shorted end of the MKID does not increase the TLS noise significantly, because of the negligible electric field strength in this part of the detector. At the shorted end of the resonator light is coupled into the device through a single polarization twin-slot antenna. A zoom of the antenna is shown in the right-hand side panel of Fig. 1 . The advantage of using antenna coupling is that it can be designed independently from the distributed CPW resonator. This gives antenna-coupled hybrid MKIDs the flexibility to be employed within the frequency range 0.09 < ν < 1.1 THz, where the NbTiN is lossless and the Al absorbs radiation. The disadvantage is that the antenna occupies ∼ 0.1% of the total pixel footprint. To achieve a high filling fraction we use elliptical lenses to focus the light on the antennas. The second generation hybrid MKIDs in these proceedings are coupled to a broad-band twin-slot antenna designed for observations in the ν = 850 GHz atmospheric window. The hybrid MKID discussed in detail in these proceedings is part of a 4 by 4 array of hybrid MKID pixels with varying designs. The array was fabricated 12 on a C-plane sapphire substrate. All pixels are capacitively coupled to a single feedline. An array of laser machined Si lenses with a diameter of 2 mm is mounted on the array.
PERFORMANCE AS SUB-MILLIMETER DETECTOR

Expermintal Setup
The MKID array is evaluated using a pulse tube pre-cooled adiabatic demagnetization refrigerator with a box-ina-box cold stage design 9 as shown in the left-hand side panel of Fig. 1 . The two light tight boxes in combination with the feed through coax filters prevent 4 K radiation from entering the sample stage either directly or through the coax lines. In addition, the inside of the outer box is coated with carbon loaded epoxy and SiC grains to effectively prevent reflections of light entering through the filters. As a result, the array is fully enclosed in a 100 mK environment with the exception of a 20 mm aperture, which is located 15 mm above the MKID array. This aperture is isotropically illuminated by a large temperature controlled blackbody mounted on the 4K stage.
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Three stacks of metal mesh filters provide a minimum rejection of 40 dB at all wavelengths outside the 150 GHz bandpass centered on ν = 850 GHz. This setup allows us to create a variable loading on our MKIDs. We calculate the loading on the MKIDs, P calc , using
Here c is the speed of light, F ν the filter transmission, C ν the coupling efficiency, and B ν (T BB ) Planck's law for a blackbody temperature T BB . The factor 1/2 takes into account that we receive only a single polarization. The second integral evaluates the gain pattern of the lens-antenna system, G ν (Ω) over the solid angles Ω that span aperture area, A ap . The rest of the detector enclosure is a 100 mK absorber that has a negligible emission at 850 GHz. The coupling efficiency , C ν , which describes the reflection losses due to mismatches between the antenna and the resonator CPW, and the far field gain pattern, G ν (Ω), are obtained from a simulation of the complete lens-antenna system using CST Microwave Studio. The gain pattern of our lens-antenna system is included (to scale) in the lefthand side panel of Fig. 1 . Due to the directivity of the beam and the large 20 mm aperture, the throughput of the setup is 0.81λ 2 . The main loss with respect to the λ 2 throughput of single moded receiver is the backlobe.
Photon Noise Limited Performance
The left-hand side panel of Fig. 2 shows the amplitude and phase noise spectra measured for a typical device as a function of the optical power absorbed in the Al, P 850GHz . Following the definition given by Janssen et al. 7 we see from these spectra that these devices are photon noise limited for P 850GHz > 10 fW. In this regime the observed spectra are white and roll-off due to the quasiparticle recombination time. At loading levels below 0.5 fW the spectra are clearly dominated by the detector noise. In phase readout the spectra show the 1/ √ F dependence expected from TLS noise. The amplitude noise spectrum becomes white over the entire frequency range. The absence of a roll-off indicates we are limited by the cryogenic amplifier. The right-hand side panel of Fig. 2 shows the optical Noise Equivalent Power (NEP) measured 10 at a modulation The power spectral density of the amplitude (dashed) and phase (solid) noise measured under various optical loading. A white noise spectrum is observed for P850GHz > 10 fW. The roll-off above 1 kHz is due to the quasiparticle recombination time, which is reduced by an increasing optical load. Note that the photon noise level is 16 dB higher in phase readout. Nevertheless, at a given loading the NEP is the same for phase and amplitude readout as shown in the right-hand side panel. Right: The optical NEP measured at a modulation frequency F = 90 Hz, N EPopt, as a function of the estimated optical loading, P calc . For the loading levels where we are photon noise limited, P calc > 10 fW, the NEP in phase (magenta dots) and amplitude (black dots) readout is within a factor of 1.4, after correction for the amplifier noise contribution. The measured NEP follows the same slope as N EP calc ∝ √ P calc (dashed black line). By fitting the relation between measured amplitude NEP and N EP calc (solid black line) ǫ = 1.04 ± 0.24 is determined.
frequency F = 90 Hz, N EP 90Hz , as a function of the estimated optical loading, P calc . For the loading levels where we are photon noise limited, P calc > 10 fW, the NEP in phase (magenta dots) and amplitude (black dots) readout are within a factor 1.4, after correction for the amplifier noise contribution. The measured NEP also follows a N EP ∝ √ P 850GHz relation. Both are expected for MKIDs 13, 14 that are photon noise limited in both phase and amplitude readout. Since the photon noise limited NEP of a detector only depends on the absorbed sub-mm radiation, we can verify P calc by comparing the measured and expected NEP.
7 Fig. 2 (right panel) shows the expected photon noise limited NEP (dashed line), N EP calc ,
Here hν is the photon energy of the incoming radiation, (1 + mB) the correction to Poisson statistics due to wave bunching, ∆ the superconducting energy gap of the absorbing material and η pb = 0.4 the pair breaking efficiency 15 for our 40 nm Al film. The measured NEP can then be described by
N EP det is a correction for the amplifier noise contribution, which we estimation from the NEP value at a modulation frequency of 300 kHz. We expect ǫ = 1, if the description of the optical power flow by Eq. 1 is complete. As best fit value for ǫ we find ǫ = 1.04 ± 0.24. This is a significantly larger uncertainty than found by Janssen et al. 7 It is our hypothesis that this is due to the large 20 mm aperture in combination with various reflective surfaces (including the filter), which allows additional in-band radiation to reach the Al through multiple reflections. This is corroborated by the fact that ǫ increases for increasing P calc . The measured amplitude (blue) and phase (red) noise spectra for an optical loading of 1 pW. For modulation frequencies 1 < F < 10 4 Hz the spectra are white at a -71.4 dBc/Hz and -90 dBc/Hz level for phase and amplitude, respectively. Right: The noise contribution (black dashed line) by a state-of-the-art readout system based upon the E2V EV10AQ190 ADC for a given number of readout tones. The solid lines indicate the sum of the photon and readout noise for phase (red) and amplitude (blue). If we allow for a 10% degradation of observing time due to the noise added by the ADC alone, we can simultaneously operate 115 or 8027 tones in amplitude and phase readout, respectively.
Aperture Efficiency
In the photon noise limited regime it is favorable to have a high optical or aperture efficiency, 16 η A , because the observation time required to achieve a given signal-to-noise follows t σ ∝ η
−1
A . From the simulated far field beam pattern we can determine the aperture efficiency, η A , which is mathematically defined as
Here A is the physical area covered by the pixel. λ and ν are the wavelength and frequency of the observed radiation, respectively. Ω 0 is the direction of the maximum gain. Using the circular area of the lenses A = π mm 2 , C 350GHz = 0.91 and the gain of the CST beam pattern at broadside, G ν (Ω 0 ) = 12.6 dB, an aperture efficiency of 66% is determined for a single pixel. The maximum achievable aperture efficiency of a circular antenna illuminated by a single moded gaussian beam is 17 η A = 0.80. For the measured array the filling fraction of the square packing means we have a total array aperture efficiency of 52%. Using an array with hexagonal packing the total array aperture efficiency can be increased to 60%.
Readout
Once photon noise limited performance is achieved the sensitivity in both phase and amplitude readout is equal. However, as shown in Fig. 2 , the photon noise level in phase readout is significantly higher than that in amplitude readout for the same NEP. Fig. 3 shows the measured amplitude (blue) and phase (red) noise spectra for an optical loading of 1 pW. The photon noise level in phase readout is 18 dB higher than that in amplitude readout, thereby relaxing the dynamic range requirements of the readout electronics. The right-hand side panel of Fig. 3 shows the expected noise contribution (black dashed line) by a state-of-the-art readout system based upon the E2V EV10AQ190 ADC for a given number of readout tones. We used an effective number of bits (ENOB) of 8 for this calculation and a ADC bandwidth of 1.25 GHz. The calculation results shown in Fig. 3 was verified experimentally. If we allow for a 10% degradation of observing time or ∼ 1 dB of added noise by the ADC alone, we can simultaneously operate 115 or 8027 tones in amplitude and phase readout, respectively. Because the number of usable tones is directly proportional to the number of pixels read simultaneously by the system, phase readout is favorable for the operation of large arrays. It is also worth noting that the spectra are white for modulation frequencies 1 < F < 10 4 Hz. For astronomical instruments readout (modulation) frequencies F < 10 Hz are relevant.
DISCUSSION
In these proceedings we have presented the performance of the second generation hybrid NbTiN-Al MKIDs. Compared to the hybrids presented by Janssen et al. 7 we have achieved a number of performance improvements, which make application in astronomically relevant instruments more plausible.
• We reduced the Al volume to increase the MKID response. Hereby we achieve a 5 dB higher photon noise level allowing 3 times more pixels.
• The wider NbTiN CPW has further reduced the TLS noise. Initial comparison to literature 11 suggests the measured TLS noise is contributed by the Al section.
• Using a sapphire substrate increases the TLS noise by ∼ 7 dB, 11 but it improves the reproducibility of the fabrication process and enables a room temperature check of the through line integrity using a DC measurement of the resistance. This is an important help in the quality control during the fabrication of very large arrays, which can have a through line of ∼ 0.5 m.
In addition, the use of a 850 GHz shows the flexibility of the lens-antenna radiation coupling. The next step in this process will be coupling to on-chip filterbanks for sub-mm spectrometers such as DESHIMA. 18 Compared to the hybrid MKIDs operating at 350 GHz the aperture efficiency did decrease by 10 percentage points. This is due to the absence of an AR coating on the lens, in combination with the large lens size.
CONCLUSION
In conclusion, we present the second generation hybrid NbTiN-Al MKIDs, which are photon noise limited in both phase and amplitude readout for loading levels P 850GHz ≥ 10 fW. The photon noise limited performance in phase allows us to simultaneously read out approximately 8000 pixels using state-of-the-art electronics. In addition, the use of a Si lens and a planar antenna gives these resonators the flexibility to operate within the frequency range 0.09 < ν < 1.1 THz. Given these specifications, hybrid NbTiN-Al MKIDs will enable astronomically usable kilopixel arrays for sub-mm imaging and moderate resolution spectroscopy.
